The time-evolution is governed by two components: a very fast component (70 fs), corresponding to short lived resonances [4] , and a slow (830 fs) component modulated by an oscillation with a period of 1010 fs. The slow timeconstant is the pre-dissociation lifetime of the excited state and the oscillation is due to the interference of the contributions from the two resonances excited by the pump pulse. The energy dependence of the photoelectron spectrum around t =0 is readily understood in terms of Franck-Condon factors between the C-state, which is bent and has an elongated C-S bond distance compared to the ground state, and the cation ground state, which has a geometry almost identical to that of the neutral ground state. The peak around the cut-o at 0.71 eV is due to ionization into the vibrational ground state (v = 0) of the cation and is broadened due to the unresolved 55 meV spin-orbit splitting [5] . At lower electron kinetic energies we observed a broad and almost featureless band rising towards zero photoelectron kinetic energy, corresponding to vibrationally excited levels of the cation. With higher resolution a partially resolved progression in the symmetric stretch mode is observed in this band [1] , in good agreement with the geometry dierence between the two states.
The v = 0 band is well-resolved with no overlapping features. The oscillation is visible in the v = 0 band; a minimum in the photoelectron yield is observed around t =500 fs and a local maximum due to rephasing of the prepared wavepacket around t = 1 ps. The lifetime of the prepared state is sucient to permit observation of a second beat period, with minimum at t =1.5 ps and maximum around t =2 ps. At lower photoelectron energies (< 0.5 eV) discrete vibrational band structure is no longer observed due to the higher density of ion vibrational states. The quantum beat is not visible in this region of the spectrum due to the averaging of vibrational bands with diering Condon points and beat patterns.
2 Time-evolution Model
2.1
Ionization of a time-dependent initial state
We can in general expand a time-dependent initial state Ψ i (t) in terms of n eigenstates of the system,
where C n (t) are complex coecients describing the amplitude and phase evolution of the wavepacket. The ionization matrix element from this initial state, in the dipole approximation, is given by Ψ + ; Ψ e |μ.E|Ψ i = n C n (t) Ψ + ; Ψ e |μ.E|ψ n i (2) where Ψ + is the nal ion state populated and Ψ e is the photoelectron wavefunction.
The photoelectron angular distribution (PAD) is the angle-resolved photoelectron ux measured experimentally, given theoretically by the coherent square of the ionization matrix elements. This general form of the PAD can also be written in terms of spherical harmonics Y LM , with expansion coecients denoted β LM and referred to as anisotropy parameters [6, 7] :
Here the summation over terms L, M results from the angular momentum coupling between the partial wave components of Ψ e , this coupling is discussed further in section 3.1. In the molecular frame (MF) the maximum value allowed for L = 2l max , where l max is the highest angular momentum component of the photoelectron wavefunction. In the laboratory frame (LF) the maximum values in this expansion are further limited by the axis distribution [8] .
We further assume that for ionization of each ψ n i the same nal state of the cation, Ψ + , is populated, but that the continuum wavefunction, Ψ e , may be dierent. In other words, each ψ n i has an associated set of ionization matrix elements and would yield a dierent PAD in an eigenstate-resolved case. Expanding Ψ e in terms of the continuum wavefunctions ψ n e linked to each ψ n i , and substituting this result and equation 2 into equation 3 yields:
where the primed terms are summed coherently. The full equation for the anisotropy parameters, β LM (t), which describe the PAD arising from this time-dependent wavepacket is given later (section 3.1, equation 12). The contraction of all the time-independent terms into eigenstate anisotropy parameters β LM (n, n ) yields the simplied form for the evolution of the PAD:
Here the diagonal eigenstate anisotropy parameters β LM (n, n) describe the time-independent PADs which would be observed in an eigenstate-resolved case; the o-diagonal terms β LM (n, n ) describe the result of interferences between continuum wavefunctions which arise from the dierent initial (but coherent) eigenstates which comprise the state Ψ i (t).
Ionization of a two-level system
To expand on the above results further we consider a two-level system, and expand equation 5:
Next, we write the C n (t) in terms of the standard time-dependent Schrödinger equation solutions:
where A n is a real amplitude, E n the energy of the eigenstate and φ n the phase. 
The coherent terms here involve mixed continua, i.e. terms with ψ 1 e ψ 2 * e in equation 4, hence interferences between dierent photoelectron wavefunctions are present in the observed PAD. This is simply an extension of the l-wave interferences responsible for the structure of the individual eigenstate-resolved PADs, ψ 1 e ψ 1 * e , and is somewhat analogous to the odd/even-l interferences observed by Elliott and co-workers in experiments probing ionization via coherent 1 and 2 photon pathways [9, 10, 11] .
Rewriting equation 6 with these simplications, and also the substitutions ∆φ = φ 1 − φ 2 and 2π/τ = (E 1 − E 2 )/ , yields:
This form most clearly shows how the time-resolved PAD will oscillate between the sum and the dierence of the diagonal and o-diagonal contributions.
2.3

Limiting cases
In the limiting case where ψ 1 e = ψ 2 e only the total photoelectron yield should manifest time-dependence because the cross-terms and diagonal terms are equivalent. This can be seen from equation 10 by setting β LM (1, 1) = β LM (2, 2) = β LM (1, 2) = β LM (2, 1) = β LM . In this case we have:
Although this shows that all β LM will vary with time, the normalized values, given by β norm LM = β LM /β 00 , are time-independent because all anisotropy parameters vary with the same overall phase. This causes cancellation of the time-dependent part of equation 11. This can be envisaged as a breathing mode of the PAD, with only β 00 showing time-dependence. Furthermore, the oscillation (quantum beat) seen in the total yield is maximized in this case, this is clear if we set A 1 = A 2 and ∆φ = 0. In this case β 00 (t = 0) = 4A 2 β 00 and β 00 (t = τ /2) = 0. We might expect this case, for example, in a purely vibrational wavepacket where all components are linked to the same electronic continuum.
Because no additional cross-terms would appear in this case the time-dependence would only be manifest in the total photoelectron yield, and the shape of the PAD would be time-independent. This again highlights the sensitivity of the PAD to the electronic part of the evolving wavepacket -in this scenario the electronic part of the wavepacket remains constant, so the shape of the PAD remains constant in time.
The general case for which ψ 1 e = ψ 2 e has, in some sense, the opposite eect. In this case cross-terms in equation 10 are important, but changes in β 00 (t) are suppressed by the loss of complete cancellation of the time-independent and time-dependent terms. This more general case is to be expected where there is evolution of the electronic character of the initial state and, hence, dierent components are associated with dierent sets of ionization matrix elements. In this case, as discussed in the main text, we expect signicant changes in the shape of the PAD with time.
3 Time-dependent Photoelectron Angular Distributions
Time-dependent MFPAD
By expanding the various terms appearing in the dipole matrix element given in equation 4 the β LM can be written in terms of geometric parameters, which describe the angular momentum properties of the system, and molecular (or dynamical ) parameters which describe the ionization (or scattering) dynamics of the molecule [6] . Writing the β LM in terms of these parameters, and allowing for a time-evolving intermediate state, yields [12] :
The rst line of equation 12 describes the polarization state of the ionizing radiation, each photon carries 1 unit of angular momentum with projection p onto the lab frame z-axis. For linearly polarized light aligned with the laboratory frame z-axis p = 0, hence from the 3-j symbol P = 0, 2 and R = 0. The spherical tensor components e −p describe the polarization and amplitude of the ionizing radiation, in this case e −p = e 0 = e z and the term e z e * z can be set to equal unity.
The second line of equation 12 describes the rotation of the polarization vector into the molecular frame. The rotation matrix element D P (q−q ),R rotates the multipole P with projection term R in the LF into the MF with projection q − q by rotation through the Euler angles (φ, θ, χ). Terms in q = 0 thus represent ionizing light polarized along the MF axis, while q = ±1 terms represent light polarized perpendicular to the MF axis. If the LF and MF are coincident then a single value of q = p is selected, while an arbitrary rotation serves to mix terms in q as the LF polarization axis is projected onto dierent MF axes.
The remaining lines of equation 12 deal with the photoelectron and molecular terms. Here (l, λ) represent the photoelectron partial wave components [6, 13] , with (orbital) angular momentum l, and MF projection λ. The complex coecients C n (t) in equation 12 were introduced in section 2: they determine the contribution to the PAD from ionization of each intermediate state component n. All of the time-dependence is held in the C n (t), this assumption holds provided that there is no change in the ionization continuum with time, i.e. the same nal ion state is always populated and ψ n e does not change with time.
The terms r lλ (n) represent the radial components of the dipole matrix elements for each partial wave [12, 14, 15] ,
where the summation is over all electrons s; η lλ is the phase of the matrix element. The radial matrix elements and phases are the only part of equation 12 which are not analytic functions. Symmetry-based arguments can, however, provide a means of determining which integrals are non-zero, hence which (l, λ) can appear in ψ e . These considerations are discussed in section 4.
Time-dependent PAD from an Aligned System
The time-independent LFPAD can be described as a convolution of the MFPAD with the molecular axis alignment, described by state multipoles A K,−Q [8] . Following equation 12, and assuming a time-independent alignment, this can be readily extended to the case of a time-dependent initial state:
This equation is very similar to the MFPAD (equation 12), except that an additional summation over the molecular axis moments K is introduced along with a 3-j term linking P, L, M to the alignment parameters K, Q. Additionally, the rotation matrix element allowing for frame rotation from the LF to the MF is replaced by a 3-j term in P, K, L. This reects the fact that the PAD is now averaged over a set of axis alignments determined by the A K,−Q , as distinct from the single MF axis in the previous case.
The eect of the averaging over a distribution of molecular axis directions is to lose sensitivity in the PADs. In particular, the observed anisotropy in the LFPAD cannot be more than that arising from the coupling of the probe photon to the aligned distribution of molecules, as can be seen from the 3-j term linking terms P, K, L. This limits L to the range |P − K|...P + K in integer steps. For instance, if the alignment is prepared by a single pump photon then a cos 2 θ axis distribution is created, and the only non-zero alignment parameters are A 0,0 and A 2,0 . Because P = 0, 2 only, the alignment in this case would restrict β LM (t) to terms with L = 0, 2, 4. As the degree of alignment increases higher-order cos n (θ) terms are required to describe the axis distribution and the LF result approaches the true MF [8] . Higher order terms in equation 14 can be observed, hence more information is present in the LFPAD and a greater sensitivity to the intermediate state dynamics may be obtained. Additionally, for cylindrically symmetric cases, M = −Q = 0. In our CS 2 experiment the sample was non-adiabatically aligned using an intense 805 nm alignment pulse, then probed at the half-revival. The degree of alignment of the ground state at the half-revival was estimated, from experimental data, to be cos 2 θ = 0.55 ± 0.07 [3] . Single photon excitation to the C-state via a parallel transition resulted in enhancement of the alignment, resulting in an excited state alignment of cos 2 θ = 0.74 ± 0.07 [3] . The aligned axis distribution was also calculated numerically, providing a quantitative means to incorporate alignment into our TRPAD calculations.
The calculated distribution shows that alignment multipoles up to K = 8 are signicant and provides a more accurate characterization of the axis distribution than the cos 2 (θ) (i.e. K = 2) value alone. From equation 14 the maximum anisotropy observable is therefore L max = K max + P max = 10, although may be further limited by L max = 2l max , the restriction imposed by the partial wave components populated. Fits to the experimental PADs were converged with terms up to L = 6 included, while ts to PADs recorded from an unaligned sample only contained contributions from terms up to L = 4 [3] . Furthermore, the suppression of the magnitudes of the terms present in the unaligned sample, due to geometric averaging, resulted in less pronounced time-evolution of the PADs.
Expansion in zeroth-order basis
The treatment of the intermediate state has been given above in terms of a generic n-level system. For the study of molecular dynamics we are interested in zeroth-order states from a simplied Hamiltonian H 0 , chosen to give a physically transparent description of the dynamics [12, 16, 17] . A suitable basis set is provided by the Born-Oppenheimer (BO) states.
These states are solutions to the H 0 which is derived from an adiabatic approximation to the full molecular Hamiltonian H [16, 17] . This approximation allows the separation of the nuclear and electronic parts of the wavefunction and provides a physically appealing framework. Adiabatic dynamics arise due to the dependence of the electronic wavefunction on the nuclear coordinates, while nonadiabatic dynamics are ascribed to the couplings between BO states due to the neglected terms in H. 1 A time-dependent state can be expanded using the complete BO basis of electronic states ψ α and vibrational states within each electronic state χ να (collectively the vibronic states):
Where r are the electronic coordinates and R the nuclear coordinates. This is equivalent to equation 1 with the vibronic states used in place of the generic eigenstate ψ n i , except for the subtlety that we now use an expansion in the zeroth-order basis to approximate the true molecular eigenfunctions. However, as before, the basis set expansion has time-independent states of the system and time-dependent coecients C α,να (t), now indexed by vibronic component α, ν α .
Similarly, invoking the BOA for the ionic states yields |Ψ + = α+,να + C α+,να + |ψ α+ (r; R) |χ να+ (R) . The radial matrix elements given in equation 13 can now be rewritten in the BO basis [12, 18] :
For simplicity, but without loss of generality, we have assumed that |Ψ + is comprised of only a single vibronic state. (FC) approximation, that is we assume that the electronic part of the wavefunction is invariant to nuclear coordinates R, then the ionization matrix element can be factorized into electronic and vibrational parts:
Under the FC simplication the electronic (r e lλ ) and vibrational (r ν ) parts of the ionization matrix element are separated, and the latter are termed FC factors. As before we have assumed that only a single ion state Ψ + , which is timeindependent, is populated. Similarly, the scattering state, ψ αi,lλ The continuum state, ψ αi,lλ e , also has a dependence on the photoelectron momentum, k, hence the ionization matrix elements may change as a function of energy. Generally the energy dependence of the photoelectron wavefunction is expected to be negligible over the energy span of the probe pulse [12, 18] , and weak over the range of kinetic energies accessed in our experiments (∼1 eV) [15] . These assumptions could be invalid in the presence of continuum resonances [15] .
Finally we note that these assumptions are validated by our CS 2 data, which showed only slight changes in the form of the MFPAD with photoelectron kinetic energy and vibrational level (see gure 3, main article and gure S3(b)). In 
Symmetry-based Modelling & Sensitivity to Ionization Matrix Elements
The equations given above are analytic, except for the dynamical parameters -the radial integrals, r lλ , and phases, η lλ . The calculation of the time-dependent MFPADs is therefore possible if the r lλ and η lλ are known. However, in general we do not know these integrals and very detailed experiments (for example refs. [19, 20, 21, 22, 23, 24] ) or challenging numerical calculations (for example refs. [25, 26, 27, 28] ) are required in order to determine these parameters for polyatomic systems. The complexity is increased further for TRMFPADs because the wavepacket motion must also be taken into account, rendering full ab initio treatments extremely dicult, such state-of-the-art calculations are in development but remain a formidable challenge [28] . We can, more generally, make symmetry arguments regarding which continuum components are allowed by evaluating the direct product [12, 16, 29] 
Here the requirement is that the direct product of the nal ion state, continuum electron, transition dipole and initial state contains the totally symmetric representation of the point group. Because the exact form of the MFPAD depends on the radial integrals, the application of symmetry arguments will not provide quantitatively correct results. As shown in the main text, the limits placed by the allowed symmetry components provides semi-quantitative insight into the form of the MFPAD (such as the presence of nodal planes) and information on the time-evolution. Furthermore, the restriction of the dynamical parameters to just a few terms means that the response of the MFPAD to these parameters can be explored. In favourable cases, where there are only a few partial wave components and/or extensive experimental data, it may be possible to determine the dynamical parameters by tting to the experimental data, either using a limiting case approach [30] or via full characterization of the photoionization dynamics [21, 31] ; alternatively analysis of the calculated MFPAD response to a selected dynamical parameter can be carried out to provide insight into the experimental data. Figure S3 (a) shows an example of the sensitivity of the β LM (t) to the phase η dπ for the CS 2 example discussed in the main text. The dynamical parameters used in these calculations are shown in table S1(a). In this case all other phases are set to zero and the magnitudes are normalized such that the g/u mixing is 20%. rstly, the time evolution of the β LM (t) is asymmetric -that is, there is no mirror symmetry about t = τ /2 -except when all components are in phase; secondly, the phase and modulation depth of the total cross-section (proportional to β 00 (t)) is aected signicantly by the change in the phase. Both of these results can be understood in terms of the interference between the pure and mixed continuum components, which is aected by the relative phases of the partial wave components in each case.
Considering rst the case where all η lλ = 0, we see evolution in the β LM (t) which is sharply peaked around t = 500 fs and shows only small changes in the magnitudes of the β LM (t) -hence only small changes in the shape of the MFPAD as a function of time. Because all η lλ = 0 in this case the only phase terms arise from the C n (t) and the emergent behaviour is close to that of the limiting case discussed in section 2.3. The time-evolution is also symmetric about t = τ /2, this can be traced back to the cross-terms in equation 6 which are equal in this case, i.e. C 1 (t)C * 2 (t)β LM (1, 2) = C 2 (t)C * 1 (t)β LM (2, 1). Finally, β 00 (t) is in-phase with higher order β LM terms, and takes values between zero and unity, showing complete constructive interference at t = 0 and complete destructive interference at t = τ /2.
Considering the changes in the β LM (t) as a function of η dπ gives some insight into how sensitive the parameters are to the partial wave phases. As η dπ is increased the interference between the pure and mixed continua also increases; the form of the β LM (t) become more complex and asymmetric in time as the cross-terms in equation 6 are no longer equal; the magnitude of the β LM (t) at a given time also change. This observation highlights the sensitivity of the exact form of the MFPAD to the ionization matrix elements, but also shows how asymmetric time evolution is an indication of dierent continuum phases. The asymmetry is weakly apparent in the movement of the maxima in the β 20 (t) trace and minimum in the β 60 (t) trace away from t = τ /2, while the β 40 (t) trace shows a very signicant change in line-shape. The β 00 (t) line shape is also aected, the modulation depth of the quantum beat is decreased and the phase shifted. This is again due to the dierence in cross-terms, which now do not give complete destructive interference in the integrated cross-section and also shift the apparent phase due to their asymmetric time evolution.
These emergent features provide a signature of the complex interferences which are manifested in the time-dependent MFPAD. Furthermore they highlight the general features which this model predicts should be apparent in the experimental data. Figure S3(b) shows experimental data which can be compared with the β LM (t) plots in gure S3(a). For the three energy slices considered it is clear that experimental β LM (t) indeed show somewhat asymmetric time evolution; for example the line shape and peak in the β 20 (t) traces change between the three plots, the peak in β 20 (t) and β 40 (t) are oset for the two lower energy slices, and β 40 (t) shows marked asymmetry at the highest energy slice. The dierences between the traces correlated with dierent energy slices shows that the ionization matrix elements are not constant over the data-set and it is likely that there are small changes in some of the phases η lm over the energy range considered.
This conclusion is also apparent from gure 2 (main text), which shows subtle changes in the MFPADs as a function of energy. However, becuase this energy dependence is weak these changes do not aect the qualitative interpretation of the PADs, nor their utility as a probe of the electronic part of the wavefunction.
The dynamical parameters used to generate the MFPADs shown in gure 3 (main article) and S2 are given in table S1(b). These values are normalized as above, with 20% mixing of electronic character. Additionally the phases are set such that the phase of the u continuum functions is π/4, while the g continuum functions are allowed to vary between the pure and mixed states. Although the choice of phases was initially arbitrary they were ne-tuned to produce PADs similar to those observed experimentally, thus providing corroboration of our simple model with the experimental data and indicating that there is a phase shift between the gerade and ungerade continua. In order to provide further validation of this conclusion ab initio photoionization calculations are currently underway.
The exploration of the sensitivity of the MFPADs to the ionization matrix elements presented here reinforces our previous conclusions. Although we cannot achieve quantitative accuracy, due to the approximations made in choosing the reduced set of matrix elements, we can hope to reproduce the core physics of the time- 
